Objective: To (1) document the prevalence and patterns of hypodontia (permanent tooth agenesis) in Down syndrome (DS) and (2) explore whether maxillary or mandibular hypodontia or simultaneous agenesis of all third molars was associated with differential alterations of the craniofacial morphology. Materials and Methods: Longitudinal panoramic radiographs of 25 white patients with DS (12 male, 13 female; mean age, 15.1 years) treated at The Hospital for Sick Children, Toronto, Ontario, Canada, were evaluated to document hypodontia. Cephalometric measurements of subjects with maxillary or mandibular hypodontia or agenesis of all third molars were compared with those of subjects without hypodontia in these regions using analysis of covariance adjusted for age, gender, and proportion of other missing teeth in the total number of missing teeth.
INTRODUCTION
Down syndrome (DS) is the most well known and common chromosomal disorder in humans. 1 Recent birth statistics in the United States show an increasing prevalence, currently observed at 11.8 per 10,000 births. 2 Cephalometric analyses of subjects with DS have described platybasia, reduced maxillary and mandibular alveolar heights, short teeth, reduced maxillary and mandibular dimensions, and forward rotation of the maxillary and mandibular planes, which collectively lead to overclosure and relative mandibular prognathism. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Hypodontia in DS is well known, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] with prevalence documented at about 90% 12, 19, 20 if the third molars are considered and between 30% 13 and 60% 22 when the third molars are not considered in the analysis. A very high prevalence of total agenesis of all third molars has also been described. 19 Numerous investigator groups around the world have explored associations between hypodontia and significant alterations in craniofacial morphology in nonsyndromic samples [23] [24] [25] [26] [27] [28] [29] [30] [31] and craniofacial anomalies such as ectodermal dysplasia 32, 33 and Pierre Robin sequence. 34 Whether an association exists between the location of hypodontia and differential alterations in the regional craniofacial morphology in DS is unknown. This investigation aimed (1) to document the prevalence and patterns of hypodontia (permanent tooth agenesis) in DS, (2) to explore whether maxillary and mandibular hypodontia are associated with greater alteration of the regional craniofacial morphology within DS, and (3) to explore whether agenesis of all third molars is associated with greater alteration of craniofacial morphology within the syndrome.
MATERIALS AND METHODS
This retrospective investigation was conducted using longitudinal panoramic and pretreatment cephalometric radiographs of white patients with DS treated at The Hospital for Sick Children, Toronto, Ontario, Canada, whose pretreatment radiographic records had been acquired before July 2009. The hospital's Research Ethics Board (REB) approved the study.
Radiographic and clinical records of 25 white subjects with DS (12 males, 13 females; mean age, 15.1 years; range, 11.5-18.3 years) were available. Birth, gender, dentition, and treatment details were recorded. Hypodontia was defined and verified as the absence of one or more permanent teeth due to agenesis. The subjects' preorthodontic treatment cephalograms were traced by a single experienced digitizer and analyzed using Dentofacial Planner cephalometric software (Dentofacial Software, Toronto, Ontario, Canada). Other radiographs and clinical charts were reviewed longitudinally to confirm the occurrence and location of the permanent tooth agenesis. Cephalometric measurements specific to the craniofacial regions of interest were made according to the definitions in Tables 1 and 2 (Figure 1 ). An intraclass correlation coefficient (ICC) analysis of measurements from repeated tracings of one-third of the cephalograms revealed a high level of repeatability (the average ICC was .99).
The null hypotheses framed were that maxillary and mandibular hypodontia were not associated with significant differences in the cephalometric measurements of these regions and that agenesis of all third molars in DS was not associated with significant differences in craniofacial measurements. To test these null hypotheses, the sample was first categorized into maxillary hypodontia and mandibular hypodontia subgroups based on the location of permanent tooth agenesis. Between-group comparisons of measurements representative of the region of interest (maxilla or mandible) were analyzed by a two-way analysis of covariance (ANCOVA) or Friedman's nonparametric ANCOVA, adjusted for age and gender. Similarly, measurements of subjects exhibiting absence of all third molars were compared with those without this presentation. Since dental agenesis is frequently observed in both jaws in DS, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] ANCOVA tests were additionally adjusted for the proportion of other missing teeth (vs in the regions of interest) in the total number of missing teeth. Statistical tests were conducted using SAS (version 9.1; SAS Institute Inc, Cary, NC). Differences were considered significant when P , .05.
RESULTS
Hypodontia was prevalent in 92% of our sample with DS when third molars were considered (Table 3) . Almost all patients were missing one or more permanent teeth ( Figure 2 ). The average number of missing permanent teeth per affected subject was 4.74. Two subjects did not show hypodontia ( Figure 3 ). Hypodontia was more prevalent among females (100%) than males (83.3%), and the severity in females was also greater. The average number of missing teeth was 5.38 in affected females and 4.10 in males. Among females, 23.1% were missing all quadrant analogues of at least two tooth types. This severe pattern was seen less often in males (16.7%). Among subjects affected by hypodontia, bilateral absence of the same tooth type was also generally more prevalent in females (Table 4) .
Mandibular hypodontia was slightly more prevalent (80%) than maxillary hypodontia (76%) and was much more frequent than maxillary hypodontia in males, whereas the opposite was seen in females (Table 3 ). In subjects with hypodontia, the average number of missing teeth in the mandible was 2.39 and 2.35 in the maxilla. Although slightly greater numbers of missing teeth were recorded on the right (52.3%) than on the left (47.7%), maxillary and mandibular hypodontia for specific tooth types, when unilateral, was relatively more frequent on the left (72.7%).
When frequencies of hypodontia of individual teeth were examined, the most frequently agenetic teeth were (in decreasing order) maxillary and mandibular third molars . maxillary lateral incisors . mandibular second premolars . mandibular incisors . maxillary second premolars . maxillary second molars. Maxillary lateral incisors and mandibular incisors were missing much more frequently in females (Table 3 ).
When agenesis of permanent teeth other than third molars was considered, a prevalence of 56% was noted, with greater prevalence in the maxilla (40%) than in the mandible (32%). The average number of teeth missing per affected subject was 2.78 (maxillary, 1.36; mandibular, 1.43). Bilateral absence of a tooth type other than the third molars was seen to be associated with concurrent absence of all third molars in 90% of instances. Simultaneous agenesis of all third molars was seen in 52% of the sample, with greater prevalence in females (61.5%) than males (41.7%).
All subjects with maxillary hypodontia exhibited agenesis of at least one maxillary third molar, and 84.2% were missing both maxillary third molars. Comparison of the maxillary measurements of subjects having maxillary hypodontia with those without maxillary hypodontia revealed no significant differences in any of the measurements, both with and without the additional adjusting for the proportion of other (ie, mandibular) missing teeth in the total number of missing teeth (Table 5 ).
On the other hand, all subjects with mandibular hypodontia were missing at least one mandibular third molar, and 80% had agenesis of both mandibular third molars. Comparison of mandibular cephalometric measurements of subjects having mandibular hypodontia with those without mandibular hypodontia (Table 6 ) revealed a significantly smaller body length (by 4.8 mm; P 5 .015) and a greater ramus:body ratio (by 15%; P 5 .017). These differences remained significant even when additional adjusting was applied for the proportion of other (ie, maxillary) missing teeth in the total number of missing teeth. Other cephalometric measurements were not significantly different.
Cephalometric comparison of subjects having agenesis of all third molars and those without this severe presentation ( Table 7) showed reduced divergence between the maxillary plane and S-N (1.85u; P 5 DOWN SYNDROME HYPODONTIA AND CRANIOFACIAL MORPHOLOGY .035), and their ramus:body ratio was larger (by 9%; P 5 .010). However, when the comparison was additionally adjusted for the proportion of other missing teeth in the total number of missing teeth, these differences were not significant. No other cephalometric differences were statistically significant.
DISCUSSION
The prevalence of hypodontia varies in different ethnic groups and regions of the world. 35 While the third molars are the teeth most frequently affected by agenesis, when third molars are not considered, the prevalence of hypodontia reported from North America ranges from 3.5% 36 to 7.4%, 37 with slightly greater prevalence in females. Most studies report that mandibular second premolars, maxillary lateral incisors, maxillary second premolars, and mandibular central incisors are the teeth most often affected (in decreasing order). 35 In DS, the prevalence of hypodontia is much greater and more severe [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and is recognized as a characteristic phenotypical feature of the syndrome.
In the nonsyndromic population, hypodontia may have multiple causes. 38 In DS, it has been hypothesized that altered peripheral nervous system growth and abnormal development of localized chondral elements 16 may contribute as potential mechanisms responsible for the greater occurrence of dental agenesis. A recent report described that trigeminal nerve fiber growth and patterning are integrated with tooth morphogenesis, and the report hypothesized that mesenchymal dental follicles fail to form as a result of inadequate local epithelial-mesenchymal interactions due to thyroid deficiency, causing delayed proliferation of nerve cells and decreased rate of neuron production in DS. 21 Another reason described earlier implicates poor terminal vascularization of developing tooth buds, causing complete or partial odontoblast degeneration. 18 Prevalence rates of agenesis of one or more third molar in the nonsyndromic population have been reported to be between 9% 39 and 30.8% 40 in North America, while the prevalence of simultaneous agenesis of all third molars is much lower, ranging from 0.50% 39 to 2.3%. 40 The reported prevalence of third molar agenesis in DS is much higher. It was noted in 20 from Denmark but greater than the 74% reported by Shapira et al. 19 from Israel. Agenesis of all third molars was seen in 52% of our sample, similar to the 55% reported by Shapira et al. 19 Because of the frequent agenesis of all third molars in our sample, we explored whether this occurrence was associated with any specific craniofacial features. Russel and Kjaer 41 hypothesized that an association in DS between the sella turcica structure and the innervations determined occurrence of tooth agenesis due to the proximity of sella to the trigeminal ganglion. In our cephalometric analysis, specific measurements (pituitary fossa diameter, sella turcica elevation from FHP, posterior maxillary vertical height, and the vertical distance of sella from the pterygomaxillary fissure) were included to explore whether the sella and vertical growth of the infrasellar region were differentially affected in individuals with DS having maxillary hypodontia and agenesis of all third molars, respectively. In the regional cephalometric comparison of subjects having maxillary hypodontia with those without maxillary hypodontia, none of the measurement differences, including those specific for the vertical growth of the sella region, were statistically significant ( Table 5 ). The null hypothesis could not be rejected. On the other hand, in the comparison of regional measurements of subjects having mandibular hypodontia with those without mandibular hypodontia, a significant decrease in body length, with a consequent increase in the ramus:body ratio, was found ( Table 6) . A decrease in body length can teleologically be argued to result from the shorter dental lamina (all subjects with mandibular hypodontia had unilateral mandibular third molar agenesis, and 80% had bilateral agenesis). However, this argument was not supported by results of tests for maxillary hypodontia or agenesis of all third molars. The differences in most of the measurements, including mandibular plane angle, face:height ratio, and Jarabak's ratio, were not significant. These results did not allow for fully rejecting the null hypothesis for the mandibular hypodontia analysis.
Finally, subjects with agenesis of all third molars, when compared with those having at least one third molar, were seen to have relatively less divergence between the anterior cranial base and the palatal plane and an increase in the ramus:body ratio, but none of the other differences, nor those specific to the sella region, were statistically significant ( Table 7) . Even these two differences were not statistically significant when the analysis was additionally adjusted for the proportion of other missing teeth. The paucity of significant differences did not allow rejecting the null hypothesis for agenesis of all third molars. The strengths and limitations of this study should be considered. Confirming hypodontia from longitudinal radiographs ensured that hypodontia patterns were accurately recorded without false-positives. Only preorthodontic treatment cephalograms were analyzed to avoid patient reinclusions and confounding cephalometric data by treatment effects. Only white subjects were included to avoid confounding effects of ethnicity on hypodontia patterns and cephalometric measure-ments. These considerations, however, limited the number of subjects included. Because of the large prevalence (92%) of hypodontia in the sample, the number of subjects without any hypodontia was too small to allow cephalometric comparison of the regional hypodontia subgroups with a subgroup having DS but without any missing permanent teeth.
Except for the association of mandibular hypodontia with significant differences in body length and ramus:body ratio, when the statistical analyses were additionally adjusted for the relative proportion of other missing teeth (vs those in the region of cephalometric interest) removed from statistical significance the few other measurements that were significantly different fell out of the range of statistical significance. This indicated that the high overall frequency of missing teeth possibly compounded any differential effect of regional hypodontia on the craniofacial morphology. Keeping these considerations in perspective, and recognizing the known severe craniofacial features of DS, it can be cautiously interpreted that widely prevalent hypodontia in the sample may have contributed to altered craniofacial morphology, but the effect of the syndrome and its characteristic short, under erupted teeth on craniofacial and dentoalveolar dimensions appeared to be stronger than any differential effect regional hypodontia may have had on altering regional craniofacial morphology. Similarly, agenesis of third molars was not associated with further differential alterations in their craniofacial characteristics or with diminished vertical growth proximal to the sella.
CONCLUSIONS
N The prevalence of hypodontia noted in the sample with DS was 92%, with the average number of missing teeth per affected subject being 4.74 when third molars were considered, and when third molars were not considered, the prevalence was 56%, with the average number of missing teeth per affected subject being 2.78. N Hypodontia was more prevalent and severe in females. N The most frequently agenetic teeth were (in decreasing order) maxillary and mandibular third molars . maxillary lateral incisors . mandibular second premolars . mandibular incisors . maxillary second premolars . maxillary second molars. N Maxillary hypodontia was not associated with significant differences in maxillary morphology. N Mandibular hypodontia was associated with smaller body length and increased ramus:body ratio, but other dimensions were not significantly different. N Agenesis of all third molars was associated with a small decrease in maxillary plane to cranial base divergence and increase in ramus:body ratio, but these differences were not significant when the analysis was additionally adjusted for the proportion of other missing teeth in the total number of missing teeth.
